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Abstract

Prior to the work of Theo Thole and his collaborators, the vast majority of biological X-ray spectroscopy involved either
EXAFS or hard X-ray XANES spectroscopy. Theo Thole’s ligand field multiplet theory revealed the rich information content
of transition metal L-edges, and it helped prompt the first measurements on metalloproteins. His contributions to XMCD also
prompted the first low-temperature/high-field experiments on paramagnetic centers in proteins. This paper describes some
recent work in biological soft X-ray spectroscopy that was stimulated by Thole’s findings. Representative Ni protein absorp-
tion spectra are shown, illustrating detection of Ni(I), Ni(IIl), and high- and low-spin Ni(Il) in Ni hydrogenase and CO
dehydrogenase. New XMCD spectra for Cu in plastocyanin and Fe in a 2Fe ferredoxin are presented. The exciting prospects
for soft X-ray absorption and XMCD of metalloproteins are summarized. © 1997 Elsevier Science B.V.
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1. Introduction

The theoretical insights that Theo Thole brought
to X-ray spectroscopy prompted a number of
experiments on bioinorganic samples. In this article
we first discuss some of the experimental hurdles
to conducting soft X-ray absorption and MCD
experiments on metalloproteins. We then report
results on fluorescence-detected soft X-ray absorption
spectroscopy of Ni proteins, where the Thole ligand
field multiplet approach helps exploit the rich
information content of this region. We also
report soft X-ray magnetic circular dichroism
(XMCD) measurements on paramagnetic metals in
proteins that were stimulated by Thole’s predictions
and sum rules. We conclude with some speculation
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on future directions for bioinorganic soft X-ray
spectroscopy.

The reasons for interest in the soft X-ray region
can be summarised as: 1) resolution, 2) selection
rules, 3) multiplets and 4) magnetic circular
dichroism [1]. Compared to hard X-ray K-levels,
with linewidths of 1-2 eV, the intrinsic linewidths
of L-levels are much narrower (300-700 meV).
L-edge spectra measure dipole-allowed 2p — 3d
transitions, while at the K-edge the 1s — 3d transition
is a weak quadrupole process (sometimes enhanced
by p-d mixing). Thanks to 2p—3d Coulomb and
exchange interactions, L-edges show multiplet
structure that is sensitive to the metal oxidation
and spin states. Finally, because of 2p level
spin—orbit coupling, L-edges also have much
larger potential XMCD effects than K-edges.
The net result of these factors is illustrated in
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Fig. 1. (Left) Comparison of K and L edges for MnCl,. (Right) Schematic of apparatus for flucrescence detected soft X-ray absorption and
XMCD experiments. The most recent instrument replaces the "He cryostat with a dilution refrigerator.

Fig. 1, where the K and L edges of MnCI2 are
compared.

2. Experimental aspects

Although Thole's work in ligand field multiplet
theory made it clear that biological soft X-ray absorp-
tion and XMCD spectra would be informative [1,2],
there were a number of experimental hurdles to over-
come. The first involved protein spectroscopy under
UHYV conditions. The cross sections for absorption of
soft X-rays are very large, hence the distances
travelled through matter are very small. For example,
at the Fe L-edge the path length in water only 1.0 um.,
Extremely thin windows and UHV conditions are
required throughout the experimental apparatus.
Although this is common for surface science
experiments, the conditions are not routine for
biochemical samples. We have successfully made
dried films of many protein samples, but there is
always the danger that a protein will denature during
this process, and each sample has to be checked for
activity afterwards.

The second fundamental difficulty is that the metal
concentration in the samples is very low, about 100-
1000 p.p.m. Even though fluorescence vields are less
than 1%, fluorescence detection is still the most

sensitive way to enhance the metal signal. Good
energy resolution is need to resolve the oxygen Ka
background from the metal fluorescence signal. We
are using a windowless 30-element Ge detector to
capture the maximum amount of the fluorescence
possible.

Finally, XMCD measurements of paramagnetic
systems require both high magnetic fields and low
temperatures to achieve significant sample magnetiza-
tion. Since very high magnetic fields can interfere
with the performance of the solid state detector, for
many experiments it is preferable to go to very low
temperatures. We are now using a dilution refrigerator
to cool the sample, and a 2 T split coil magnet to
magnetize the sample. The 3 in diameter 30-element
Ge detector enters from one side, while samples are
introduced through a load lock from the other side.
Thin aluminum windows help reduce the heat load on
the sample, allowing us to achieve ~300 mK The
instrument is shown schematically in Fig. 1.

3. Ni L-edge spectroscopy

Ni L-edges are especially useful for the charac-
terisation of this metal in biological systems.
Although electron paramagnetic resonance is also a
powerful tool for understanding metals in proteins, it
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does not unambiguously assign oxidation states.
There have often been controversies about whether
signals represent Ni(I) or Ni(lIl) [3,4]. Also, many
Ni species do not exhibit EPR signals. Low-spin
Ni(II), for example, is diamagnetic, and although
high-spin Ni(Il) is § = 1, it often has very large
zero field splittings that preclude EPR measurements.
In this section we illustrate some of the issues surround-
ing two important Ni enzymes, hydrogenase and CO
dehydrogenase, and we show how L-edge spectroscopy
can provide complementary information to magnetic
resonance, K-edge absorption, and crystallography.

4, The biochemical issues

NiFe hydrogenases catalyse the oxidation and
formation of molecular hydrogen and contain a single
Ni site as well as several different Fe—S clusters [4].
The NiFe hydrogenase from D. gigas is an o8 hetero-
dimer containing two Fe,S, clusters, an Fe;S cluster,
as well as a NiFe centre. Recent crystallographic data
on the D. gigas enzyme reveals a 5-coordinate Ni site,
bridged through sulphur ligands to an unusual Fe
species [5] which may in fact have CO and CN
ligands. The remaining centres are more conventional
Fe-S clusters, arranged in a linear fashion to transfer
electrons to the NiFe active site.

Carbon monoxide dehydrogenase from Clostridium
thermoaceticum is a nickel-containing enzyme which
catalyses acetyl-CoA synthesis and CO oxidation at
two separate Ni sites, Centres A and C, respectively
[3]. Carbon monoxide dehydrogenase from
Rhodospirillum rubrum catalyses only CO oxidation.

EPR-silent
Ni-SI

Ni-A
Ni-B

—» Ni-C

Since both enzymes exhibit complex EPR signals that
never integrate to one spin per Ni, there is evidence
for heterogeneity in the types of Ni present.

One of the key issue surrounding hydrogenase is
the oxidation states involved in the characteristic
states of the enzyme [4]. As shown in Scheme I, the
enzyme can exist in many forms, some of which are
EPR-active, while others are EPR-silent. For the
enzyme forms (from left to right), some have
proposed oxidation state assignments of Ni(III) —
Ni(II) — Ni(I) — Ni(0), while others favour Ni(III)
— Ni(IlI) — Ni{ll) — Ni{IIl) or even ligand-based
redox activity.

For CO dehydrogenase, the redox and spin state
assignments are just as ambiguous [3]. The situation
is even more complicated because there are two types
of Ni sites, Ni-A and Ni—C, and because the EPR
signals arise from magnetically-coupled centres
involving both Ni and Fe contributions.

5. Model compound trends

Although proper ligand field multiplet calculations
are the best approach for a detailed understanding of
Ni L-edges, in many cases a qualitative understanding
can be had from comparison with model compounds.
It is found that both Ni(I) and low-spin Ni(II) have
relatively sharp L; and L, edges, in part because there
is only a single vacant d-orbital, High-spin Ni(II) and
Ni(IIl) will have at least 2 nondegenerate d-orbital
vacancies, and therefore broader L-edges (Fig. 2).
Also, as the oxidation state increases, the centroid of
the L; edge moves to higher energy. A final

Ni-C*

N

—_—

EPR-silent
Ni-R
CO

h
Ni-C' — o Ni-C*'

Scheme 1. Interconversion of the different forms of D. gigas hydrogenase.
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Fig. 2. (Left) Representative Ni spectra for different oxidation states and spin states. (Right) Correlation diagram for mode! compounds and Ni

proteins.

characteristic is the ratio of L, to L; intensity. As
pointed out by Thole and van der Laan [6], the L,
intensity will be higher for low-spin complexes. The
Lo/(L3 + L) ‘branching ratio’ and L centroid can be
combined to create a 2-dimensionat diagram of char-
acteristic spectral properties, as shown in Fig. 2. By
reference to this model data as well as theoretical
calculations, likely Ni spin and oxidation states can
be assigned to different protein samples.
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6. Application to hydrogenase and CO
dehydrogenase

Representative L-edges for hydrogenase and CO
dehydrogenase are shown in Fig. 3. The multiplet
structure evident in the D. baculatus hydrogenase
spectrum makes it especially easy to identify this
sample as high-spin Ni(II), consistent with its position
in the correlation diagram. This seems to contradict
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Fig. 3. (Left) L-edge spectrum for (top) R. rubrum and C. thermoaceticum CODH and (bottom) D. baculatus hydrogenase. (Right) CO-treated

CODH (-+—-) compared with native enzyme {--- ) and CO-treated hydrogenase (

compounds.

) and Ni(I) and Ni(I[) model
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previous magnetic susceptibility data which had
identified the site as diamagnetic [7]. In contrast, the
relatively strong and sharp L-edges for the CODH
spectra provide evidence for predominantly low-spin
Ni(II) species. Finally, both hydrogenase and CODH
spectra change with the introduction of CO, in a
manner consistent with formation of Ni(I) species.
In other work, we have seen evidence for covalent
Ni(ITI) species in these enzymes [8], hence all
four regions of the correlation diagram have been
covered.

7. XMCD of Paramagnetic metals in proteins

Thole was also a pioneer in developing the theory
of X-ray magnetic circular dichroism [9-11]. This
technique is attractive for bioinorganic applications
for many reasons: 1) selectivity for paramagnetic spe-
cies — diamagnetic species will have negligible
XMCD; 2) sum rules — information about Lz
and Sz 3) information about spin coupling; 4)
sharper features — better resolution of mixtures.

T T T
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Intensity
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L 1 L
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Since bioinorganic samples often tend to contain mix-
tures of species, the prospect of selectively examining
the electronic structure of different species is quite
exciting. Here, we illustrate some preliminary results
that illustrate the potential of bioinorganic XMCD and
also raise some interesting questions.

8. Plastocyanin blue copper and other
mononuclear systems

The blue copper site in plastocyanin is an ideal
candidate for bioinorganic XMCD measurements
and sum rule analysis. This site is involved in rapid,
long-range, outer-sphere electron transfer [12]. This
reactivity has been related to the ground state wave-
fuction of the Cu(Il) site, which is highly covalent
thanks to a strong interaction with the thiolate sulphur
of a cysteine ligand. The resulting HOMO for the
Cu(l) site is quite delocalized and about half of the
formal d vacancy is filled by charge transfer from the
ligands [13]. The crystal structure is also highly
refined [14].

- right velarization
--—-left polarization
— XMCD

L L L ) !

925 930 935 940 945 950 955 960

Energy (eV)

Fig. 4. (Left) L-edge XMCD spectra of Cu? plastocyanin at 4.2 Kand 6 T: (top) spectra using left and right 75% circularly polarized light and
(bottom) XMCD. (Right) Same spectra, recorded at 0.4 K and 2 T. The sample was treated with K;[Fe(CN)q] to oxidize residual Cu't
plastocyanin.
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As shown in Fig. 4, a strong XMCD effect was
observed for Cu® plastocyanin at 4.2K and 6 T.
This spectrum is a nice example of the paramagnetic
selectivity of XMCD — notice how the residual
diamagnetic Cu(I) in this sample contributes to
absorption near 936 eV, but does not affect the
XMCD signal. More recently, we recorded the
XMCD at 2 T with our new dilution refrigerator
system and a 30-element detector. A magnetization
curve found a temperature of 400 mK. The baseline
stability has been improved by using the oxygen Ko
signal as an internal I,

Thanks to the improvement in XMCD statistics and
baseline quality, we are now able to test the applica-
tion of the XMCD sum rules to bioinorganic systems.
As discovered by Thole and detailed elsewhere in this
volume, the integrated XMCD intensity is related to
the orbital angular momentum at the absorbing site,
while the spin angular momentum is more closely
related to the integrated absolute value of the
XMCD effect.

These sum rules have been tested and applied on a
number of metallic and mixed multilayer
systems [15—18]. However, a number of factors

S, = (2A-4B)/2C 2C

L, = (2A+2B)/3C

Il ! L ] Loy ]

925 930 935 940 945 950 955
Energy (V)

make their validity questionabie for fluorescence-
detected spectra in dilute bioinorganic systems.
Experimentally, there is concern about how well the
fluorescence-detected spectrum approximates the
true absorption spectrum. The fluorescence yield
may vary across the L-edge [19], and there may be
significant angular variation in the emission [11]
Theoretically, there is always the question of how
well the number of holes is known, and the
approximation that {T,) = 0 is often not valid [20].
For the moment, we have temporarily suspended
these concerns and applied the sum rules to blue
copper, as well as Ni** doped MgO, and the Fe®
and Fe™ centers in reduced and oxidized rubredoxin.
As shown in Fig. 5, the results are not completely
unreasonable, despite the number of valid concerns.
Further work is needed to see how useful XMCD sum
rule analysis will be for bioinorganic electronic
structure analysis.

9. XMCD of coupled 2Fe systems

One of the features of XMCD that is especially

2.5 T T T T T
o
Fe{lll) in Oxi Rd
2
)
=}
o
£
Q15
>
O Fe{ll) in Red Rd
ko)
2
L
hel
5 1
& .
o Ni(ll) in MgO
03 O/blue Culll)
O H 1 1 1 L
0 0.5 1 1.5 2 25 3
Sz {Nominal)

Fig. 5. (Left) Integrations for application of sum rules to Cu?* plastecyanin XMCD (Right) Trends in {S,} and {L,) calculated from sum rules.
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Rubredoxin vs. 2Fe2S Ferredoxin
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Fig. 6. (Left) top — Spectra for reduced (green) and oxidised (red) rubredoxin in different polarisations; bottom — 2Fe—-28S spectra. (Right)
top — XMCD spectra for reduced (green) and oxidised (red) rubredoxin; the reduced spectrum has been inverted to represent the fact that the
Fe®" site is antiferromagnetically coupled to the Fe** site; middle — an empirical XMCD spectrum generated by adding the normal oxidised
and inverted reduced rubredoxin XMCD; bottom — observed 2Fe-2S XMCD.

attractive for bioinorganic studies is the prospect of
investigating local spin orientations in coupled metal
clusters. In theory, the sign of the XMCD shouid
reveal the orientation of {(S,) for individual metal
centres with respect to the incoming beam. This
feature was originally used to investigate local
moments in GdFe garnets [21], and has more recently
been used to study magnetic multilayers. We have
attempted to confirm this spin-orientation capability
for bioinorganic systems by comparing the XMCD of
an antiferromagnetically coupled Fe?*Fe® system
with spectra for similar mononuclear sites.
Rubredoxins are small electron transfer proteins
which contain single iron atoms co-ordinated by a
distorted tetrahedron of cysteinyl sulphur ligands.
2Fe-28 ferredoxins are small ~13-14 kDa proteins
which contain 2 tetrahedral Fe sites bridged by 2

inorganic sulphide residues [22]. As shown in Fig. 6,
both oxidised Fe® and reduced oxidised Fe?
Pyrococcus furiosus rubredoxin show strong XMCD
effects. The oxidised rubredoxin Fe site is a S = 5/2
system, while the reduced protein is S = 2. The
conventional view is that similar high-spin Fe sites
are antiferromagnetically coupled in the 2Fe-2§
ferredoxin proteins to yield an Sy, = 1/2 paramagnet
in the mixed valent form [22].

Although the absorption spectrum for human
mitochrondrial 2Fe—-2S protein seems consistent
with the summation of reduced and oxidised contribu-
tions, the XMCD does not show the expected bipolar
signal. There is significant XMCD intensity in both
the Fe** and Fe regions, which is different from a
recent report that found no intensity in the Fe®
region of a related protein [23]. Since the



182 S.P. Cramer et al./Journal of Electron Spectroscopy and Related Phenomena 86 (1997) 175—183

coupling constant J is thought to be on the order of
-100 cm™, the applied magnetic field should not be
strong enough to overcome the antiferromagnetic
interaction between the two metals.

At the moment, we cannot explain the puzzling
XMCD behaviour of this relatively simple system,
and progress in this area is needed before tackling
more complex metalloprotein clusters. Of possible
relevance is the observation that all of the NMR
hyperfine signals of human ferredoxin exhibit
Curie-type behaviour, whereas in plant ferredoxins
half of the cysteine hyperfine signals exhibit Curie
behaviour and the other half exhibit anti-Curie
behaviour {24]. Perhaps the electronic structure of
the human ferredoxin is more complex than we
originally assumed.

10. The future

The near future should see substantial improve-
ments in our experimental capabilities. An elliptical
unduiator beamline is under construction which wiil
deliver far more flux at high resolution. A new
generation of ultralow temperature microcalorimeters
and tunnel-junction detectors offers the promise of
much lower detection limits for dilute samples.
Additional interesting XMCD effects might be
observed at very high magnetic fields, and a 17 T
system for such experiments is under consideration.
Although it is no longer fashionable to name spectro-
scopies after individuals, in many respects XMCD
should be considered Thole spectroscopy.
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